A non-destructive method is developed to determine the stress profile in double ion-exchanged lithium aluminosilicate glass. In this method, the steep compressive stress distribution from the surface to a depth of 10¯m is evaluated by the optical guidedwave method. The stress distribution from a depth of 50 to 413¯m is determined by the scattered light technique, where the scattered light intensity observed normal to an incident polarized beam is recorded and the phase shift is calculated from it. The stress profile combined with the optical guided-wave and the scattered light methods is presented and its comparison with the sodium and potassium concentration distributions and the Raman peak shift is discussed.
Introduction
Chemically strengthened glass is widely used for smart phones or handheld devices not only because of the display protection but also owing to the solid framework, as compressive stress resulting from ion exchange over the glass surface tremendously enhances the toughness and reduces glass fracture against impact. The compressive stress (CS) or depth of ion-exchanged layer (DOL) contribute both static and dynamic strength. Therefore, to control the performance and quality of ion-exchanged glass products, it is critical to accurately measure the CS value on the surface, DOL value at the deepest point inside, and entire stress profiles from the surface to deep inside the glass in some cases.
Recently, lithium-aluminosilicate glass has been highlighted because of its quick ion exchange rate and deep DOL performance. By immersing lithium-aluminosilicate glass into the molten salts of sodium nitrate, potassium nitrate, or their mixture for hours, folded-shaped compressive stress is formed in the glass body, where Na + is exchanged by K + from the surface to a depth of approximately 10¯m and Li + is exchanged by Na + from around 10¯m to a greater depth of 1/51/4 of the thickness at the deepest point. Furthermore, in the case of lithium-aluminosilicate glass, it is unique that the refractive index decreases within the Na + exchanged by K + layer and increases within the Li + exchanged by Na + layer. On the other hand, it is well known that the optical guided-wave method is used to measure the stress profile of ion-exchanged glass. 1) ,2) The advantage of this method is its high accuracy and short time operation. In addition, as this method can use a nondestructive specimen, there is no concern for an inaccuracy caused by stress release or relaxation when destructive specimens, such as a thinly sliced specimen, are required for other methods.
3) However, the drawback of the optical-guided wave method is that it can measure only the decreasing refractive index layer from the surface to the inside such as in the Na + exchanged by K + layer.
The scattered light photoelastic method is an alternative non-destructive method to measure the stress profile inside of glass. 4)8) This method uses the phenomenon that the scattered light intensity is changed by the inside stress while the laser light travels through the glass body. This phenomenon does not depend on the refractive index distribution inside of the glass, so, in principle, a stress profile can be measured for any kind of ionexchanged glass or thermally tempered glass. However, an unfavorable aspect of this method is the poor accuracy in measuring the stress profile from the surface to a depth of approximately 10¯m, which is often observed within the Na + exchanged by K + layer of lithium-aluminosilicate glass. The laser focus diameter is 5060¯m (greater than 10¯m) and this diameter determines the limit of the depth resolution of the measurement. In this study, therefore, our goal was to achieve the most accurate stress profile measurement inside of ion-exchanged lithium-aluminosilicate glass, combining the advantages of both the optical-guided wave method from the surface to a depth of around 10¯m and the scattered light photoelastic method in the region deeper than around 50¯m.
Principle of the method
The principle of optical-guided wave method for the stress profile measurement has been described previously. 1),2) Here, details on the scattered light photoelastic method are presented. When light travels through the inside of glass, part of the light is scattered by interactions with the glass elements. In the present stress measurement system, the phase of the incident laser light is modulated periodically and the change in intensity of the scattered light against time t is detected at the points along the light path. While the laser light travels through the ion-exchanged glass, the phase of the scattered light is shifted by the internal stress (photoelastic effect). When the phase shift and the optical path length from the glass surface (incoming point of laser) are given by R and x, respectively, the internal stress · of the strengthened glass can be expressed by Eq. (1).
where C is the stress optical coefficient and is the laser wavelength. Practically, the correlation between R and x is calculated through image analysis which represents a periodical change in the intensity of scattered light at multiple points. Once the correlation is fitted to an arbitrary function, the stress at the point of x is calculated by the differential coefficient dR/dx using Eq. (1). The advantage of this method compared with the optical-guided wave method is that stress distributions can be obtained from the surface to the deeper region of the glass body regardless of the refractive index distributions inside of the ion-exchanged glass, as mentioned above. Figure 1 shows the experimental set up of the scattered light photoelastic method.
9) The light source was a semiconductor laser ( = 630 nm). The phase of the laser light was modulated by the liquid crystal variable retarders set in front of the light source. The light traveling through the glass was scattered to all angles, but the complementary metal oxide semiconductor (CMOS) sensor detected only the vertical component of the scattered light against the laser light path through a telecentric optical lens. Figure 2 shows the scattered light image captured by the CMOS sensor at the time t. The intensity (brightness) changed along the light path. This is because the phase of the light was shifted by the photoelastic effect from the stress distribution inside of the glass. In Fig. 2 , the intersection of two straight lines shows the incoming point of the laser light, where the light enters into the glass body through a prism and an immersion liquid. When the glass with a refractive index n d = 1.51 is used as an example, the scattered light can be detected from the surface through the depth of approximately 500¯m. The depth resolution of the signal depends on the laser focus diameter. In this study, the focal point of the laser was set near the surface because the stress sharply changed toward the depth direction in this region, as mentioned below. The depth resolution of the signal was approximately 20¯m in the focal point region.
Experimental procedure
The capability of the scattered light photoelastic stress meter (SLP-1000, Orihara) developed in this study was verified using the strengthened glasses shown in Table 1 . CS at the surface was calibrated by the thermally tempered glass (CS at the surface = 193.7 MPa, Orihara). DOL was calibrated with the ionexchanged thin glass (435¯m-thick lithium-aluminosilicate glass, AGC). Stress distributions were verified using two kinds of glass: one had a linear-shaped profile from the surface to the inside (single ion-exchanged aluminosilicate glass, AGC), and the other had a folded-shaped profile at a depth of approximately 10¯m from the surface (double ion-exchanged lithium-aluminosilicate glass, AGC). These glasses were ion exchanged by immersion into the molten salts of sodium nitrate, potassium nitrate or their mixture for hours and kept at a fixed temperature.
Previous investigations revealed that the stress profile of ionexchanged glass has correlations with the birefringence, alkali ion concentration and local structural change induced by internal stress.
1),10),11) In this study, therefore, the accuracy of the foldedshaped stress profile measured by a scattered light photoelastic stress meter was evaluated by the birefringence, electron probe microanalysis and depth dependence of the Raman peak position.
The birefringence of the optically polished ion-exchanged glass (200¯m-thick) was measured by the retardation imaging system (Abrio IM, Tokyo Instruments) based on a conventional optical microscope (ECLIPSE LV100, Nikon). Then, the measured birefringence was transformed to the stress using the calibration constant of 0.7. For further experimental details, please refer to Ref. 1).
The Na + and K + concentration distributions in the ionexchanged glass were measured by an electron probe microanalyzer (EPMA; JXA-8500F, JEOL) from the surface to a depth of 150¯m. The specimen was mounted in an epoxy resin and the cross section was coated with conductive carbon with a thickness of 30 nm. The operating conditions were 15 kV, 30 nA and 1¯s per step. 1) The Raman spectra of the ion-exchanged glass at positions up to a depth of 150¯m from the surface were obtained by microRaman spectroscopy (Almega, Thermo Fisher Scientific). The wavelength of the excitation laser was 532 nm. Raman signals in a backscattering geometry were acquired for 120 s through an objective lens (100©, NA = 0.9). The depth resolution was estimated to be 3¯m. The peak positions around 1100 cm ¹1 , which were assigned to the symmetric stretching vibrational modes of a SiO 4 or AlO 4 tetrahedron, were determined by fitting the broad peak around 8501300 cm ¹1 with three-curve Gaussian functions.
11)
4. Results Figure 3 shows the phase shift R result in the thermally tempered glass (CS at the surface = 193.7 MPa). The red curve is the cubic function fitted by the least squares method. The fitted curve matched well with the data measured from the surface to a depth of 450¯m. The corresponding stress profile, as depicted in Fig. 4 , was calculated from the fitted curve using Eq. (1). The stress profile in thermally tempered glass was represented by a quadratic function and the stress gradually decreased from the surface to a deep region inside of the glass. Table 2 shows the reproducibility of the surface CS measurements. The average of five time measurements was 192.3 MPa, which falls within a 1% error from the known value of 193.7 MPa. Figure 5 shows the phase shift of the 435¯m-thick ionexchanged glass. The red curve is equivalent to the least-squares fitting of the sine curve to the data. This equipment can measure the phase shift from the surface up to a depth of approximately 500¯m. Therefore, if the depth of zero-stress (DOL_ZERO) at the opposite side of the glass is located within 500¯m, DOL_ZERO of both sides (near surface and near the back side) of the glass can be measured simultaneously. Since the differential value of the phase shift corresponds to the stress, as shown by Eq. (1), the point where the differential value of the phase shift is zero is equal to DOL_ZERO. In the case of Fig. 5 , DOL_ZEROs calculated from the sine curve fitting by the least squares method were 93¯m near the surface and 337¯m near the back side. Table 3 shows the reproducibility of this DOL_ZERO measurement. The sum of the DOL_ZERO values near the surface and the back side was comparable with the specimen thickness. As shown in Table 3 , the sums of the two DOL_ZEROs were averaged as 434¯m, which falls within a 1% error from the value of 435¯m measured by the micrometer. Figure 6 shows the experimentally measured depth profile of the phase shift in a single ion-exchanged Na 2 OAl 2 O 3 SiO 2 glass fitted with the integration of a complementary error function. The fitting curve in red exhibited a good agreement with the measured values from the surface to a depth of 450¯m. Figure 7 depicts the stress profile calculated from the fitting curve using Eq. (1).
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Comparison of the stress profiles obtained using the scattered light photoelastic method (SLP-1000, Orihara) and the optical guided-wave method (FSM-6000LE, Orihara) are shown in Fig. 7 . The two stress profiles were coincident in the depth range from the surface to 100¯m with a high accuracy: the compressive Fig. 4 . Stress profile of thermally tempered glass. stress decreased almost linearly from a maximum value at the surface to a depth of 100¯m. It was found that SLP was not only capable of measuring the stress profile but also to calculate the central tension (CT) in a region deeper than 100¯m, where the region is out of range for the FSM measurement. Figure 8 shows the stress profiles of single ion-exchanged Na 2 OAl 2 O 3 SiO 2 glass with different thicknesses that were strengthened simultaneously in the same molten salt bath. The upper limit of DOL was set to half of the sample thickness. Figure 8 shows that CS and DOL_ZERO increased and CT decreased with increasing glass thickness. Figure 10 shows the experimentally measured depth profile of the phase shift in double ion-exchanged Li 2 OAl 2 O 3 SiO 2 glass fitted with integration of the complementary error function. The fitting curve in red showed a good agreement with the measured values from the surface to a depth of 413¯m. Figure 11 depicts the stress profile calculated from the fitting curve using Eq. (1). Reference transmission photoelastic measurements in blue were performed by the retardation imaging system (Abrio) using a thinly sliced specimen (destructive method). The two stress profiles, as shown in Fig. 11 , were coincident in the depth range from 100 to 413¯m with high accuracy. Especially, DOL_ZEROs were equally 156¯m for both methods. This good match of DOL_ZERO provided by the two methods means that SLP has the capability to accurately measure stress profile at a deeper region than 100¯m in a non-destructive manner. Figure 12 shows the comparison between the stress profiles measured by SLP and FSM. In the case of the stress profile of the double ion-exchanged Li 2 OAl 2 O 3 SiO 2 glass, FSM can only accurately measure the stress profile from the surface to a depth of 10¯m. As mentioned above, the refractive index in the Na + exchanged by K + layer decreased from the surface to the inside of the glass, but the refractive index of the Li + exchanged by Na + layer increased with a greater depth. Principally, for such ionexchanged glass, FSM maintains its accuracy only within the Na + exchanged by K + layer near the surface and loses its accuracy within the Li + exchanged by Na + layer at a greater depth. However, as SLP does not depend on the refractive index, the entire stress profile from the surface to a large depth inside the glass is captured. However, a significant disparity was found between the stress profiles measured by SLP and FSM in the region from the surface to a depth of 10¯m.
Stress profile of double ion-exchanged lithium-aluminosilicate glass
Discussion
One cause of the disparity in the stress profiles measured by SLP and FSM is the signal resolution limit of SLP toward the depth direction. The best depth resolution of SLP is approximately 20¯m, which is comparable with the focusing diameter of the laser at the focal point aligned around the glass surface. In the double ion-exchanged Li 2 OAl 2 O 3 SiO 2 glass, the compres- sive stress layer from the surface to approximately 10¯m mainly consists of the Na + exchanged by K + layer and a high-stress gradient is observed, as shown in the FSM profile (Fig. 12) . To achieve precise stress measurement results near the surface, an improvement of depth resolution should be favorable for SLP.
The other cause of the disparity is surface scattering that occurs at the boundary between the glass and prism for SLP. Figure 13 shows the magnified image of the scattered light path propagating from the prism to the Li 2 OAl 2 O 3 SiO 2 glass. Strongly scattered light was observed from the prism surface (point A), glass surface (point B) and immersion oil (between points A and B), leading to the background noise to the signal beneath the surface (point C).
To examine the influence on the stress measurement near the surface, here, stress profiles were evaluated by SLP for double ionexchanged Li 2 OAl 2 O 3 SiO 2 glass with different average surface roughness R a (1¯m 2 ). The stress profiles near the surface are shown in Fig. 14. CS decreased with decreasing R a within the region form the surface to a depth of 50¯m. This result implies that the SLP values in this region easily fluctuate owing to the surface scattering. As shown in Figs. 4 and 7 , the CS near the surface of the thermally tempered glass and the single ion-exchanged glass was accurately evaluated. In these cases, DOLs were sufficiently deep and CS changed gradually enough, thus, the extrapolated values of the phase shift from the deep region to the surface matched well with the true values even if surface scattering behaved as the background noise. However, the double ion-exchanged Li 2 O Al 2 O 3 SiO 2 glass showed a high-stress gradient near the surface. In this case, extrapolation of the phase shift from the deep region did not accurately predict the stress profile near the surface region because of the depth resolution limit and the surface scattering. For a deeper region than 50¯m, where the stress gradually changes with depth, however, the SLP phase shift fitting provided an accurate stress profile because of the lack of influence by the depth resolution limit and the surface scattering while FSM was principally unable to measure in this region (Fig. 12) . Thus, to measure the stress profile accurately in double ion-exchanged Li 2 OAl 2 O 3 SiO 2 glass, FSM and SLP play complementary roles.
For the next step, therefore, the combination of FSM measurements near the surface and SLP measurements in the deep region was studied to represent the entire stress profile in strengthened glass that shows a high-stress gradient near the surface such as double ion-exchanged Li 2 OAl 2 O 3 SiO 2 . To this end, FSM and SLP measurements were converted to stress profiles and then smoothed by a complementary error function using the least squares method. Here, the SLP measurements were used only at deeper than 50¯m because the surface scattering disappears in this region, as shown in Fig. 14 .
Figures 15(a) and 15(b) show the stress profile combined with FSM and SLP measurements. Here, four kinds of combinations were investigated [inset of Fig. 15(a) ]. Even if the SLP measurements were fixed, the stress profile from the surface to a depth of 40¯m changed as the used measurement range of FSM changed. Using each stress profile [ Fig. 15(b) ], the S-Rate values, which is the ratio between the compressive and the tensile areas, were calculated. As shown in Fig. 16 , the S-Rate decreased continuously as the upper limit of the FSM range increased. When the upper limit of the FSM range was 10¯m, the S-Rate was 1, which means that the compressive stress precisely balances with the tension inside the glass. In this study, therefore, the stress Journal of the Ceramic Society of Japan 125 [11] 814-820 2017 profile combined with FSM data from the surface to 10¯m and SLP data from 50¯m to half the depth of the glass sample (upper limit of the analysis) is presented for strengthened glass that shows a high-stress gradient near the surface such as double ionexchanged Li 2 OAl 2 O 3 SiO 2 . Figure 17 shows the stress profile combined with SLP and FSM measurements. Non-destructively, the stress profile in double ion-exchanged Li 2 OAl 2 O 3 SiO 2 glass was obtained from the surface through to 413¯m. Here, in the range from 10 to 50¯m, the combined profile was interpolated using a compensated error function approximated by the least squares method, and was not the measured values by SLP or FSM. Therefore, the accuracy of the combined profile in this transition range (10 to 50¯m) was verified by an EPMA and micro-Raman spectra. 1),10),11) Figure 18 shows the comparison of the combined profile with the atomic concentrations of Na + and K + measured by the EPMA. The cross-point (at a depth of 16¯m and with a stress of 92 MPa) denoted by the black dotted lines is consistent with those of Na + and K + ions concentration distributions. Figure 19 shows the comparison of the combined profile with a depth dependence of the Raman peak position around 1100 cm ¹1 . Both results show a similar tendency with DOL in the range from the surface to 150¯m. Overall, combining FSM and SLP, an accurate measurement of the stress profile in the double ion-exchanged lithiumaluminosilicate glass became feasible from the surface to the deep region inside of glass in a non-destructive manner, which had previously been believed to be difficult.
Conclusion
SLP-1000, a non-destructive stress measurement equipment for strengthened glass using the scattered light photoelastic method, was developed. This equipment enables the stress profile measurement from near the surface to the deep region of the ion-exchanged glass and exhibits good accuracy from a depth of 50 to 413¯m, but has an issue in accuracy from the surface to approximately 10¯m because the strong scattered light produced at the boundary of prism and glass specimen becomes background noise. As a result, the accuracy from the surface to 50¯m was not acceptable by itself. Thus, in this study, the opticalguided wave method FSM is applied to measure the stress profile near surface, and scattered light photoelastic method SLP is applied to the deep region, and the two profiles obtained separately are combined into one curve. In doing so, an accurate measurement of the stress profile in a double ion-exchanged lithiumaluminosilicate glass becomes feasible in a non-destructive manner that had previously been believed to be impractical. 
